Leptogenesis Bound on Spontaneous Symmetry Breaking of Global Lepton Number 
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We propose a new class of leptogenesis bounds on the spontaneous symmetry breaking of global 
lepton number. These models have a generic feature of inducing new lepton number violating 
interactions, due to the presence of the Majorons. We analyzed the singlet Majoron model with 
right-handed neutrinos and find that the lepton number should be broken above 10^ GeV to realize 
a successful leptogenesis because the annihilations of the right-handed neutrinos into the massless 
Majorons and into the standard model Higgs should go out of equilibrium before the sphaleron 
process is over. We then argue that this type of leptogenesis constraint should exist in the singlet- 
triplet Majoron models as well as in a class of R-parity violating supersymmetric Majoron models. 
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There have been many experiments establishing the 
tiny but nonzero neutrino masses although we are yet to 
find out if the neutrinos are Majorana or Dirac particles. 
If the neutrinos are Majorana particles, lepton number 
is necessarily broken. In the simplest extension of the 
standard model (SM) for the small neutrino masses, the 
lepton number is explicitly broken by the supplement of 
a Weinberg dimension-5 operator [l| in the Lagrangian. 
This operator can be generated in the renormalizable see- 
saw [2| scenario, where an explicit lepton number break- 
ing Majorana mass term for the right-handed neutrinos 
0] and (or) trilinear interaction for the triplet and doublet 
Higgs scalars [3] are(is) introduced to the SM. 

The seesaw models also provide a solution to the 
puzzle of the matter-antimatter asymmetry in the uni- 
verse through leptogenesis [3| : the CP- violating and out- 
of-equilibrium decays of the right-handed neutrinos [4] 
and(or) triplet Higgs scalars [1, H, 01 to the SM parti- 
cles can generate a lepton asymmetry, which is partially 
converted to a baryon asymmetry through the sphaleron 
Q action and hence accounts for the matter-antimatter 
asymmetry. For this purpose, the Yukawa interactions 
of the right-handed neutrinos while the gauge, Yukawa 
and trilinear interactions of the triplet Higgs scalars 
should satisfy the out-of-equilibrium condition before the 
sphaleron process becomes very weak at Tgph ^ 100 GeV. 

If we further consider that the original seesaw scheme 
to be originating from a more fundamental theory, where 
the lepton number is spontaneously broken locally or 
globally, there will be some new particles coupling to 
the right-handed neutrinos and(or) triplet Higgs scalars. 
This implies additional out-of-equilibrium conditions for 
a successful leptogenesis, which, in turn, constrains the 
breaking scale of the lepton number. For example, in 
the left-right symmetric model, the right-handed gauge 
bosons should be heavier than 10^~^ GeV to guarantee 
the departure from equilibrium of the right-handed neu- 
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trinos Q. 

In this note, we first study the constraint from lepto- 
genesis on the singlet Majoron model of Ghikashige, Mo- 
hapatra and Peccei In this model, a singlet scalar, 
driving the spontaneous breakdown of the global lepton 
number conservation, is introduced to the SM in addition 
to the three right-handed neutrinos. The right-handed 
neutrinos couple to the singlet scalar and hence obtain 
a Majorana mass term after the lepton number is bro- 
ken. These couplings also result in some scattering pro- 
cesses for the right-handed neutrinos to the light species. 
Therefore, the breaking scale of the lepton number con- 
servation should be under the authority of the successful 
leptogenesis. We then extend this analysis to the singlet- 
triplet Majoron model and the R-parity violating super- 
symmetric Majoron model, where this new leptogenesis 
constraint is also applicable for certain range of the pa- 
rameters. 

We start with the singlet Majoron model. In this 
model, the kinetic and Yukawa terms of the lepton sector 
would be 
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Here ^^{l,2,-\) and 



respectively, are the 
;i,2,-i) is the SM 



SM lepton doublets and singlets 

Higgs doublet, Nj^{l, 1, 0) denotes the right-handed neu 
trinos, 1,0) is the Higgs singlet, where the transfor- 
mations are given under the SM gauge group 5/7(3)^ x 
SU{2)^ X U{1)y- Conventionally, we assign the Higgs 
singlet X ^ lepton number L = —2, as the right-handed 
neutrinos Nj^ have L = +\. As a result, the Yukawa in- 
teraction ([2]) is lepton number conserving since L = 1 for 
the SM leptons i/'l^ and tj^ while L = for the SM Higgs 
(j). The general scalar potential contains the quadratic 
and quartic terms as below, 
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where A3 > —2 (Aj^Aj)^ so that the potential is bounded 
from below. 

Once the Higgs singlet x develops its vacuum expecta- 
tion value (VEV), we can write 



1 



(4) 



where / = {fii/Xi)^ is the VEV, cr is the physical Higgs 
boson with the mass 
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while 77 is the massless Majoron. By taking the phase 
rotations, 



After an explicit calculations, we find the annihilation 
cross sections to be 
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we can perform the following interactions, 



yii^L'^^R + Vui'L^t'NR 
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+ ^h{f + a)N^^Nj, + \l.c. 
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For convenience, we choose the basis in which the Yukawa 
couplings h ^ h are real and diagonal by the proper 
phase rotation and then define the Majorana neutrinos. 



N, = 7V«. + N, 



with the masses, 



We then obtain 
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Here the first line definitely indicates the conventional 
leptogenesis scenario in the seesaw context, the second 
and third lines result in the pair annihilations of the Ma- 
jorana neutrinos to the Majoron and the SM Higgs as 
shown in Figs. [l]and[2]^. 



^ Before the electroweak symmetry breaking, the couplings of the 
SM leptons 1/1^ and £^ to the Majoron 77 have no contributions 
to the annihilations of the Majorana neutrinos N. 
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where 
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is the relative velocity with s being the squared center of 
mass energy. The total cross section is then given by 



(13) 



In order to determine the frozen temperature T^, at 
which the annihilation of becomes slower than the ex- 
pansion of the Universe, we should calculate the thermal 
average cross section. 



AMI 



sJs~AMj,K, 



T 



aj^\v\ ds 



(14) 



according to the standard manner [lOl . Ill| , and then re- 
quire the reaction rate. 



r = nj^{a^\v\ 



with the equilibrium number density 
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n2 = —M^TK^ 
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to be smaller the Hubble constant. 
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with the Planck mass Afpj ~ 10^^ GeV and the relativis- 
tic degrees of freedom ~ 100. From the equation, 

r < H{T) , (18) 
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FIG. 1: The pair annihilation of the Majorana neutrinos into the Majorons. 



we can find a solution to Tp depending on and /. 

For the purpose of analytical approximation, we ex- 
pand the annihilation cross section (T^|u| in powers of 

-\v\ < 1 for calculating its thermal average. Up to order 

Odwp), we arrive at 





where the simplification, s <C M^, has been adopted since 
the larger s has no significant contribution to the ther- 
mal averaging in presence of the modified Bessel function 



be simplified as 



A3 = 0(1), the cross section (IT9t can 
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Since the leptogenesis usually occurs at > T^^^ > 

100 GeV, we only need satisfy the out-of- 



sph 

equilibrium condition lfT5|) at T = M^f , i.e 



r < H{T) 



T=M,. 
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Therefore we perform the equilibrium number density 



'at, 



and the thermal averaging 
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FIG. 2; The pair annihilation of the Majorana neutrinos into 
the pair of the SM Higgs. 



Inputting dm and (gS]) to and then to with 
(jl7p , we eventually obtain the low bound on the breaking 
scale of the lepton number, 



/ > 0.1 X 



> 0.1 X 

~ 10'"^ GeV 



(24) 



In general, if we don't resort to the resonant effect 
[T^ Il3l [T3 | by highly fine tuning, should be heavier 
than 10^ GeV (isl Il6| to induce a desired CP asymmetry 
so that the lepton number should be broken at a much 
higher scale. 



/ > lO^^GeV 



(25) 



Our conclusion may be applied to the singlet-triplet 
Majoron model, where some triplet Higgs scalars ^ with 
L — —2 are introduced to the SM as well as the previ- 
ously singlet Higgs scalar x- Besides the quadratic and 
quartic interactions of these scalars, there will be ad- 
ditional lepton number conserving Yukawa and quartic 
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interactions, 



-A(x^x)Tr(e^O 



(26) 



The last term of the above Lagrangian shows that the 
singlet's VEV will dominate the triplets' masses for cer- 
tain range of the parameters. In this case, similar with 
the pair annihilations of the right-handed neutrinos in 
the singlet Majoron model, the scattering processes of 
the triplets to the Majoron and to the SM Higgs will also 
give us a low bound on the breaking scale of the lep- 
ton number. Obviously, this constraint is not as strong 
as that in the singlet Majoron model since the triplets' 
masses may be dominated by their mass term. 

Let us now consider a R-parity violating supersym- 
metric model of thermal leptogenesis with right-handed 
neutrinos [l3| ■ The essential terms in the superpotential 
are 
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In the last term, lepton number is explicitly broken along 
with R-parity violation. The VEVs of the Higgs dou- 
blets would also induce a VEV to the scalar component 



of the right-handed neutrinos, which is of the order of 
(F^)jj (H^) (Hj) /M^ and breaks the lepton number spon- 
taneously. As a result, there will be a would-be Majoron 
in the model, which is very heavy. Unlike the previ- 
ous discussions, these would-be Majorons could have lep- 
ton number violating interactions, that can constrain the 
scale of lepton number violation in this model. Consider 



the term in the scalar potential 



which gives rise 



to the scattering of the Majorons N + N ^ vH . This in- 
teraction will severely constrain the scale of leptogenesis 
in this class of models. 

In summary, we have studied the constraint on the Ma- 
joron models if the leptogenesis is expected to explain the 
matter-antimatter asymmetry of the Universe. Our cal- 
culations indicate that the spontaneous breakdown of the 
global lepton number conservation in the singlet Majoron 
model should happen at a high scale (^ 10^ GeV) in or- 
der to guarantee the right-handed neutrinos to be out 
of equilibrium before the sphaleron action stops. This 
implies that some interesting phenomenology [18] of the 
singlet Majoron model will be absent from the LHC. We 
also point out that the similar constraint may exist in the 
singlet-triplet Majoron model and the R-parity violating 
supersymmetric Majoron model. 
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